Introduction
Using recombinant DNA techniques, genes have been introduced into plant genomes specifically to alter desired traits. The novel transgenes are often linked to regulatory sequences and marker genes derived from prokaryotic organisms. Commonly used and approved marker systems for antibiotic selection of genetically transformed plant cells are neomycin phosphotransferase II (NPT-II) derivatives, altered for improved expression in plant cells (Flavell et al. 1992) . Improved expression is achieved by fusing the transposon Tn5-derived NPT-II coding sequence to classical plant expression promoters such as the nopaline synthase (NOS) promoter (An et al. 1985) or the cauliflower mosaic virus (CaMV) 35S promoter (Sanders et al. 1987) . The question has been raised whether these sequences may facilitate homologous-recombination-mediated transfer of inserted genes from transgenic plants to indigenous micro-organisms in the field (Dietz 1993; Rissler & Mellon 1993) . The occurrence of such gene transfer events would depend on the presence of biologically active DNA for a sufficient amount of time and on micro-organisms competent for DNA uptake and stable DNA integration into their genomes. Comparative sequence analyses suggest that horizontal gene transfer from plants to micro-organisms may have occurred in the Quantification of transgenic plant marker gene persistence in the field past (Carlson & Chelm 1986; Froman et al. 1989; Doolittle et al. 1990) , however, no direct evidence has yet been found to document such events (Prins & Zadoks 1994) . Experimental information is needed for a more complete understanding of these and other potential effects of transgenic plant cultivation on the soil ecosystem (Dietz 1993; Rissler & Mellon 1993; Molecular Ecology 1994) .
Persistence of DNA in soil has been investigated in several laboratory systems (Lorenz & Wackernagel 1987; Romanowski et al. 1993; Widmer et al. 1996) . Purified, 'naked' DNA added to natural non-sterile soil samples was detectable for up to several weeks, and persistence varied with different soil types and experimental conditions (Romanowski et al. 1993; Widmer et al. 1996) . Plasmid DNA added to soil and extracted after incubation periods of up to 60 days was still active for transformation of E. coli in a sensitive electroporation assay (Romanowski et al. 1993) . We recently investigated the persistence of genomic DNA in ground leaf tissue in soil microcosms and detected the rNPT-II marker gene even after 120 days of incubation (Widmer et al. 1996) . Only limited information on plant DNA persistence in the field is available so far (Becker et al. 1994; Siegert et al. 1992; Smalla et al. 1994) , but the results from these qualitative investigations indicate that marker DNA may be detectable for several months in the field.
With an analytical approach developed and used previously in a microcosm study (Widmer et al. 1996) , we have undertaken a systematic and quantitative investigation of plant genomic DNA persistence in the field. Samples from two different field experiments with transgenic plants were obtained and analysed for the persistence of genomic rNPT-II marker genes present in the transgenic plants. First, we determined the persistence of a NOS/NPT-II marker in tobacco leaf litter samples from a field study in Corvallis, Oregon (Donegan et al. 1996) . Second, the persistence of a CaMV/NPT-II marker in soil and tissue from transgenic potato field samples of a study performed in Hermiston, Oregon (Donegan et al. 1995; Reed et al. 1995) was determined.
Materials and methods

Plants and plasmids
The tobacco plants used in the litterbag study were grown at the Willamette Research Station in Corvallis, OR (Donegan et al. 1996) . The seeds used were a gift of Dr C. Ryan, Washington State University, Pullman, WA. Transgenic tobacco (Nicotiana tabacum cv. Xanthi) was engineered to express tomato proteinase inhibitor I (Graham et al. 1985) as protection from insect attack (Johnson et al. 1989; Narváez-Vásquez et al. 1992) . The marker used to select transformed tobacco cells was a NOS/NPT-II marker (An et al. 1985) . (Perlak et al. 1993) . The marker gene used in the production process of these plants was a CaMV/NPT-II fusion product (Sanders et al. 1987) .
Dilutions of plasmid DNA stock solutions were used as concentration standards for quantitative PCR. Plasmid pFW1 (5.3 kb) contained a 2652 bp KspI/HindIII fragment, encoding the NOS/NPT-II marker (Widmer et al. 1996) . The stock solution of pFW1 contained 4.22 mg DNA (1.55 × 10 15 copies of pFW1) per mL. Plasmid pFW10 (4.9 kb) was based on vector pCRII from the TA Cloning Kit (Invitrogen, San Diego, CA) and contained the 967-bp CaMV/NPT-II PCR product. The CaMV/NPT-II PCR product was derived from a field sample of transgenic potato plant litter and the identity of the cloned CaMV/NPT-II sequence was confirmed by partial sequence determination. The DNA stock solution of pFW10 contained 8.30 mg DNA (3.31 × 10 15 copies pFW10) per mL.
Experimental conditions to study the stability of genomic DNA in agricultural fields
Transgenic tobacco field experiment. The details of this experimental design have been reported elsewhere (Donegan et al. 1996) . Briefly, 10 g of air-dried parental or transgenic tobacco leaves were placed in 20 × 20-cm fibreglass-screen bags. On a 15 × 17 m 2 field plot at the Willamette Research Station, Corvallis, OR, a total number of 120 trances were arranged in eight columns and 15 rows. Bags were buried at 10 cm depth and incubated in a completely randomized field design. The soil at this site has been classified as Woodburn silt loam, composed of 71.6-71.8% silt, 22.2-22.6% clay, and 5.6-6.2% sand containing 7.2-7.3% organic matter. Field incubation was started on 11 July 1994 and continued until 5 December 1994. During this 147-day incubation period samples were recovered and analysed for seven time points on 11 July (day 0), 25 July (day 14), 15 August (day 35), 6 September (day 57), 26 September (day 77), 17 October (day 98), and 5 December (day 147). A subsample from each of two replicate transgenic and one parental litterbags was obtained per time point and maintained at 4°C. DNA extraction of 0.5-2 g leaf litter was initiated within 12 h after sample recovery. loam, 4-10% clay, and 40-55% sand containing ≤1% organic matter. The experimental conditions for this multi-year study have been described elsewhere (Donegan et al. 1995; Reed et al. 1995) . Samples were collected from marked 5 × 5-m 2 plots in the field that allowed resampling of the same area. Duplicate plots for transgenic plants and one plot for parental plants were sampled in the field. Stem and leaf as well as tuber litter was collected from the field soil surface. Surface soil samples to 2 cm depth and devoid of detectable plant tissue litter were recovered from within the rows where potato was grown and litter was decaying. Each type of sample collected from one plot was pooled in one bag. The field was sampled following the growing season over a 137-day period on 24 October 1994, 16 January 1995, and 10 March 1995. Due to exposure to frost all tubers showed severe damage at sample times 2 and 3. Collected field samples were transported and maintained on ice. DNA extraction of 2-5 g material from each sample was initiated within 20 h after collection.
Sample DNA extraction and purification
For DNA extraction, a modification of a procedure described earlier (Porteous et al. 1994; Widmer et al. 1996) was used. This protocol was established to recover DNA from a wide variety of samples including bulk soil, plant, and microbial samples (Porteous et al. 1994) . Extraction efficiency for added plasmid DNA in sterile soil has been determined after a 2 h incubation at 20°C as 90.4% (Widmer et al. 1996) . Modifications of the protocol were the use of 5-50 times larger samples to compensate for litter nonhomogeneity and to grind the plant litter in liquid nitrogen prior to DNA extraction. Briefly, 0.5-5 g ground plant litter were added to 7 mL/g extraction buffer (250 mM NaCl, 100 mM EDTA, 2% SDS, pH 8) in a 50-mL tube and vortexed for 15 s After addition of 0.5 mL/g guanidine isothiocyanate (5 M), samples were again vortexed for 15 s and stored at -20°C. DNA extraction was performed as described earlier (Widmer et al. 1996) . Extracts were centrifuged (12 000 g at room temperature) for 10 min in a SS-34 rotor (Du Pont Co. Wilmington, DE, USA). Supernatants were saved, and DNA precipitated with addition of 1 volume isopropanol and over night incubation at -20°C. After centrifugation (27 000 g at 4°C) for 30 min in a SS-34 rotor, pellets were washed with 70% ethanol and resuspended in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8) at 2 mL/g or 1 mL/g (dry weight equivalent) for plants and soil, respectively. Fifty-microlitre subsamples of these crude DNA extracts were purified to allow for PCR analysis as described earlier (Widmer et al. 1996) . Briefly, three purification steps consisting of polyethylene glycol (PEG, Sigma, St Louis, MO, USA) precipitation of DNA, polyvinyl polypyrrolidone (PVPP, Sigma, St Louis, MO, USA) adsorption of humic substances, and
T R A N S G E N I C P L A N T D N A P E R S I S T E N C E I N T H E F I E L D 3
© 1997 Blackwell Science Ltd, Molecular Ecology, 6, 1-7 Microcon-100™ (Amicon, Beverly, MA, USA) ultrafiltration to remove low-molecular-weight contaminants were applied to separate DNA from co-extracted PCR inhibitors.
Quantitative PCR detection of rNPT-II target sequences
The quantity of rNPT-II DNA sequences extracted from samples was determined using a quantitative PCR protocol with external homologous standards (Romanowski et al. 1993; Widmer et al. 1996) . In parallel, duplicate standard reactions 10 1 , 10 2 or 10 3 copies of the corresponding rNPT-II encoding plasmids pFW1 or pFW10 served as templates. Quantification of rNPT-II genes in the samples was performed as described earlier (Romanowski et al. 1993; Widmer et al. 1996) using an Imaging Densitometer GS-670 and the Molecular Analyst software (Bio Rad Laboratories, Hercules, CA, USA). This PCR protocol allowed for quantification of the rNPT-II genes with a detection limit of 10 genes per reaction containing extracts from 0.25 mg plant litter and 0.5 mg soil (dry weight equivalents).
Results
PCR detection of rNPT-II genes in field samples
In an earlier study we used a microcosm model to evaluate procedures for measuring persistence of the NOS/NPT-II marker gene in soil at controlled temperature and soil moisture (Widmer et al. 1996) . For the present study we developed a novel primer complementary to a 20-bp sequence of the CaMV 35S promoter. This allowed us to detect two different rNPT-II marker genes by variation of one primer only (Fig. 1) while keeping the other reaction conditions very similar. Schematic maps of the NOS/NPT-II (Fig. 1a) and CaMV/NPT-II (Fig. 1b) marker genes show the sources and junction sites of the sequences used to generate these marker genes. The specific PCR primers located on either site of the fusion sites resulted in amplification of the 900-bp target from the NOS/NPT-II gene ( Fig. 1a and c) and the 967-bp target from the CaMV/NPT-II marker (Fig. 1b and c) . The stringent amplification conditions allowed for specific detection of the rNPT-II genes and resulted in amplification of single product bands of the expected sizes in samples from transgenic tobacco and potato plant litter recovered on the first sampling day from the field (Fig. 1c) . Corresponding control reactions consisting of parental tobacco and potato plant litter samples (Fig. 1c) or control soil samples from the two field sites (data not shown) did not result in any amplification products.
Persistence of a rNPT-II marker gene in tobacco leaf litter
NOS/NPT-II marker gene persistence in transgenic tobacco leaf litter in the field was determined in samples obtained from a field study performed in Corvallis, Oregon (Donegan et al. 1996) . DNA was extracted from recovered leaf litter and subsequently purified to allow for quantitative PCR amplification. As a consequence of the decomposition process, litter contents of recovered bags declined dramatically (over 50% weight loss after only 14 days) with increasing incubation times in the soil. The amounts of intact NOS/NPT-II genes detected in extracts from leaf litter recovered at seven time points during the 147-day experiment are shown in Fig. 2 . Time-point-zero represents data obtained from plant litter which was recovered from soil after a 2-h incubation. These data represented the 100% value for our study even though some degradation of the DNA may already have occurred prior to the first sampling. Following a dramatic decrease of maker gene content in the residual litter to 0.36% of the initial sample during the first 2 weeks, the degradation was slower for the rest of the time. We were able to detect the NOS/NPT-II marker for 77 days. At this time 0.06% of the initial amount of the marker gene was left. After 98 and 147 days of incubation no marker genes were detectable in the recovered litterbag contents, time points when virtually no identifiable leaf tissue remained in the litterbags. The detection limit of 10 copies per reaction represented 0.06% of the initial gene content detected in the leaf litter.
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Persistence of a rNPT-II marker gene in residual potato plant tissue in the field
CaMV/NPT-II marker gene persistence in transgenic potato plant litter and field soil was determined in samples obtained from a field test performed in Hermiston, Oregon (Donegan et al. 1995; Reed et al. 1995) . DNA was prepared from soil, plant residue, and tubers collected from the field surface. With the used analytical method, we could not detect the marker gene sequence in surface soil samples that were devoid of detectable plant tissue litter (data not shown). The amounts of intact CaMV/NPT-II genes detected in extracts from plant tissue and tuber samples collected at three time points over a 137-day period are shown in Fig. 3 . Time-point-zero data are represented by values obtained from the first sampling on 24 October 1994 and represent the 100% value for our study even though some degradation of tissue DNA may already have occurred prior to our first sampling. At the second sampling day on 16 January 1995, 84 days after the first sampling, the marker gene contents of the residual litter dropped to 2.74% in leaf and stem tissues and to 0.50% in tubers. The field was sampled a third time on 10 March 1995, 137 days after the first samples were collected. At that time point we found in the residual plant tissues 1.98% and in the tuber tissue 0.19% of the marker gene copies present at the first sampling time. The detection limit of 10 copies per reaction represented 0.03% for leaf and stem litter and 0.02% for tuber litter (percentage gene content of day zero samples). Monitoring was discontinued after this sampling, because the field was tilled and residual plant tissue dispersed and incorporated into the soil. We did not attempt to detect the marker gene in soil after tillage because the experimental conditions changed and the already low amounts of detectable genes most likely were diluted below the detection limit of 20 genes per mg dry soil.
Discussion
A highly sensitive PCR protocol (Romanowski et al. 1993; Widmer et al. 1996) was used to evaluate plant marker gene persistence under field conditions. As model systems we studied two different recombinant NPT-II marker genes in transgenic plants under different experimental situations. First, transgenic and parental tobacco leaf litter samples from a field study in Corvallis, Oregon (Donegan et al. 1996) were obtained and analysed for NOS/NPT-II gene content after increasing incubation times in the field. In these samples we were able to detect the marker gene for up to 77 days in the residual litter when 0.06% of the initial rNPT-II gene content was still detectable. Second, samples from a transgenic potato field test site in Hermiston, Oregon (Donegan et al. 1995; Reed et al. 1995) were collected after the growing season and analysed for CaMV/NPT-II gene content. In plant samples the marker gene was detectable throughout the monitoring period of 137 days. After this time, marker gene levels, expressed as a percentage of the initial recovery from residual plant litter, were 1.98% in leaf and stem tissues and 0.19% in tubers. We could not detect the marker gene in samples of surface soil devoid of plant litter. The differences in DNA stability observed in the two different field studies reported here may be related to the different plant types and the different conditions in the two experiments. The tobacco tissue in litterbags was buried at a depth of about 10 cm keeping the leaf tissue at elevated moisture contents of 28-50% and in close contact with soil organisms and ubiquitous DNases (Lorenz & Wackernagel 1994) . The Corvallis field site was located in the mid-Willamette Valley, Oregon, with moderate summer and mild, moist autumn conditions, likely to promote DNA degradation in soil (Widmer et al. 1996) . This high decomposition activity in the field soil was evident from the dramatic decrease of leaf litter in the bags (over 50% weight loss after 14 days) with increasing incubation times (Donegan et al. 1996) . At the last two samplings, leaf litter was not clearly identifiable in the bag contents indicating close to 100% decomposition of the litter. In contrast, the potato plant tissue samples were collected from the ploughed soil surface of a Hermiston field site in northcentral Oregon. Over the 137 days of monitoring, the plant tissues were identifiable but also showed signs of increas-© 1997 Blackwell Science Ltd, Molecular Ecology, 6, 1-7 ing decomposition over time. The potato samples were exposed to dry summer and cold winter conditions which may increase DNA persistence. Stabilizing effects of low temperature and low moisture on DNA in non-sterile soil have been found earlier in controlled laboratory systems using mixtures of ground plant tissue and soil (Widmer et al. 1996) . The higher stability of DNA detected in plant compared with tuber tissue at the Hermiston field site may be explained by the different tissue types and moisture contents they had. The tubers had an average moisture content of 80.8, 75.4 and 58.9% for the three sample times and the ones collected in January and March were heavily frost damaged, indicating disintegration of cellular structure. The plant tissues in contrast were much drier with an average moisture content of 14.7, 46.8 and 50.2% for the three sample times which may explain the higher stability of their DNA. The data from our field studies indicate that plant DNA persistence in the field is comparable with those observed earlier for 'naked' plasmid DNA added to soil microcosms (Romanowski et al. 1993; Widmer et al. 1996) and ground plant tissue mixed with soil and incubated under controlled conditions (Widmer et al. 1996) . In all the different systems, DNA was initially degraded at a high rate. After this first phase, DNA degradation was less rapid which may be explained by protection of free DNA by binding to soil particles such as clay and sand (Greaves & Wilson 1970; Lorenz & Wackernagel 1987; Khanna & Stotzky 1992; Ogram et al. 1994) . The soil at the Corvallis field site contained about 22% clay and 6% sand, components representing about 7% and 48%, respectively, of the Hermiston field soil. For the potato tissue samples collected from the soil surface, however, protection of DNA by adsorption to soil particles may not be a sufficient explanation for the observed DNA persistence. Possibly, aggregation with histones or other tissue components during the decomposition process may have protected the plant DNA.
There was an important difference in the experimental designs of the microcosms (Widmer et al. 1996) and the field studies described here. The former were designed as closed systems, whereas the latter represented open systems. As a consequence, we only detected genes retained in residual tobacco tissue in the litterbags and in the potato tissues in the field studies. In the closed microcosms no migrational loss of DNA could have occurred. In the field there may have been loss of DNA from the plant tissues by repeated rinses with rain water. However, we could not detect the gene in soil at the potato field site, indicating that the free plant DNA possibly was degraded or too dilute for detection. This is in close agreement with findings by Becker et al. (1994) who detected a rNPT-II transgene in only four of 400 soil samples collected from a field test site of transgenic petunia plants. The positive samples all originated from samples taken within 2 months after tilling the field. In another field study, where transgenic sugar beets were ploughed under in the fall, the rNPT-II marker gene was still detectable in soil samples collected the following spring (Smalla et al. 1994) .
Our study represented the first quantitative analysis of plant-derived recombinant marker gene persistence in soil and indicated that residual plant tissue may be a location where relatively large amounts of detectable DNA persist for several months at a field site. It is unclear whether the rNPT-II genes detected in field soil samples analysed by Becker et al. (1994) and Smalla et al. (1994) were derived from free or residual plant litter-associated DNA. In the same two studies (Becker et al. 1994; Smalla et al. 1994 ) no indications for transfer of the rNPT-II genes to soil or phylloplane micro-organisms could be found. This is in agreement with a laboratory study (Schlüter et al. 1995) showing that DNA isolated from fresh potato leaves can be active for genetic transformation of Erwinia chrysanthemi, but this was only detectable if specific conditions, such as electroporation of circularized microbial replicons excised from the plant genome, were used. These findings together with our reports of rapid initial degradation of plant DNA in different soil and field systems indicate that a possible transfer frequency of rNPT-II genes and most likely other genes from plants to micro-organisms may be very low and restricted to microhabitats that contain residual plant tissues and DNA complexed with soil particles.
